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of Jumumjin sand with particle sizes ranging between 0.43 mm
and 0.85 mm, and a mean particle size D50 of 0.56 mm.
Jaky (1944) conducted a limiting equilibrium stability
analysis of a talus of granular material freestanding at the
angle of repose (Mesri and Hayat, 1993). Jaky assumed that
the angle of repose is equal to the angle of internal friction, ϕ0.
In other words, Jaky analyzed a sedimented, normally con-
solidated, young granular material for which the angle of
repose is equal to the constant volume friction angle, ϕcv' . For
sedimented, normally consolidated young sands, ϕcv' is practi-
cally equal to ϕ0.
Darwin (1883), who deﬁned the angle of repose as the
greatest inclination to horizon at which a talus will stand, went
on to emphasize that “the angle of repose of shaken sand is a
phrase without a meaning”. In other words, the Jaky (1948)
equation for the
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der responsibility of The Japanese Geotechnical Society.was exclusively intended for the loose sand condition produ-
cing the angle of repose, and was deﬁnitely not intended for
densiﬁed sands. Thus, the Jaky (1948) equation for granular
materials is
Ko ¼ 1 sin ϕcv' ð14Þ
According to the authors' data, for the Jumumjin sand, ϕcv' ¼
371, and for the normally consolidated loose condition deﬁned
at Dr¼33% in Fig. 5a, Ko¼0.54. Using ϕcv' ¼371 in Eq. (14)
leads to Ko¼0.40. We do not have an explanation for the
difference between the measured and computed values of Ko
for Jumumjin sand, except to note that (a) a comparison with
data on other sands indicates that the value of ϕcv' ¼371 for
Jumumjin sand is rather large and (b) a similar large difference
between measured and computed Ko was reported for one sand
by Mesri and Hayat (1993), Fig. 7b.
It is well known that densiﬁcation of a granular material, e.g.,
by vibration, increases effective horizontal stress and therefore
Ko as deﬁned by Eq. 13 (e.g., Mesri and Vardhanabhuti 2007).
Therefore, it is entirely anomalous to speak of a densiﬁed sand
displaying a coefﬁcient of earth pressure at rest smaller than that
of the same sand at a loose condition. The confusion arises
because the form of the Jaky (1948) equation has been also used
for densiﬁed sands. However, the empirical equation, in terms of
the maximum friction angle, does not express Ko¼s0h/s
0
v; rather,
it expresses the slope, K 3 , of a plot of s
0
h versus s
0
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Fig. 15. Relationship between Ko and OCR for Jumumjin sand during
unloading.
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and
K
3 ¼ 1 sin ϕ0 ð16Þ
where ϕ0 is the maximum friction angle of the densiﬁed sand.
As the degree of densiﬁcation increases, ϕ0 increases and K 3
decreases (e.g., Mesri and Hayat 1993, Fig. 23; Mesri and
Vardhanabhuti 2009, Figs. 29–31). In summary, the densiﬁcation
of sands leads to increased values of Ko and decreased values
of K 3 . For loose sands, K 3 is close to Ko; however, as the degr
ee of densiﬁcation increases, K 3 decreases, leading to an
increase in the difference between Ko and K 3 .The empirical equation for Ko of overconsolidated soils
originated from Schmidt (1967)
Ko ¼ b OCRa ð17Þ
where a is the slope of log Ko versus log OCR. Mesri and
Hayat (1993) proposed a¼sin ϕcv' because the value for six
sands turned out to be independent of the initial void ratio
(Mesri and Hayat, 1993, Figs. 19 and 20). We have plotted
in Fig. 15 the authors' data in Fig. 6a for overconsolidated
Jumumjin sand. Except for the measurements at OCR¼7, the
data points could be represented by a constant a¼sin ϕcv' , where
ϕcv' ¼371, independent of the initial void ratio. The intercept at
OCR¼1 for the loose sand is Ko¼0.54.
In summary, the authors have reported interesting measure-
ments on the effective horizontal stress for Jumumjin sand in
laterally constrained compression. The Jaky (1948) Eq. (14)
for the Ko in terms of ϕcv' resulted from a limiting equilibrium
stability analysis of a sedimented normally consolidated young
granular material, and the empirical Eq. (16) has originated
from data on densiﬁed sands subjected to laterally constrained
compression from s
0
h¼s
0
v¼0. It may not be prudent to input
“different types of friction angles” into Eqs. (14) and (16).References
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